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ABSTRACT 


A  4-switched  ruby  laser  was  used  to  irradiate  implanted 
and  unimplanted  GaAs  and  Si.  Time-resolved  reflectivity 
measurements,  which  determine  the  length  of  time  that  the 
surface  of  the  sample  is  melted,  were  performed  durinr  the 
laser  anneal Ir.r  process.  The  length  of  melt  versus  energy 
density  was  plotted  for  both  the  implanted  and  unimplanted 
samples.  No  difference  in  the  melt  time  was  observed  between 
implanted  and  unimolonted  samples  at  high  energy  densities. 

The  threshold  for  melting  :n  the  implanted  samples  was  found 
to  be  lower  than  the  virgin  samples,  and  the  energy  density 
renuired  to  produce  meltir ^  in  GaAs  was  about  2/5  that  needed 
for  Si. 

The  results  obtained  were  ccmoare.i  to  reported  experimental 
work  and  numerical  calculation  on  laser  •  annealing.  Optical 
reflectivity  techniques,  performed  by  Lt.  Mullins  were  used  to 
determine  the  crystallinity  of  the  samcles  after  annealing. 
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LAGER  AN.W2AU.N0  i  F  AND  LASER  INTERACTIONS  WITH 
ICN  IMPLANT  SEMICONDUCTING  MATERIALS 

I.  INTRODUCTION 


Semiconducting  materials  like  Germanium  (Ge),  Silicon  (Si), 
and  Gallium  Arsenide  (GaAs)  are  important  to  both  the  Air  Force 
and  industry.  Semiconducting  material  is  used  to  make 
electrical  conronents  for  devices  such  as  optical  detectors, 
solar  cells,  and  microelectronic  circuits  such  as  computer 
memories,  Optical  components  such  as  windows,  lenses,  and 
modulators  can  also  be  made  using  semiconduc ting  material. 

The  semiconducting  material  used  in  many  of  the  electrical 
components  must  he  doped  with  an  impurity  to  form  either  an 
n-type  layer,  a  p-type  layer,  or  a  p-n  function.  One  of  the 
newest  techniques  for  making  these  layers  or  functions  is  by  ion 
implantation  {Ref.  1,2, 3, and  4). 

Ion  implantation  is  accomplished  by  bombarding  a  piece  of 
se-iconducting  material  or  substrate,  such  as  silicon,  with 
a  certain  type  of  imourity.  The  depth  and  distribution  of  the 
ions  in  the  substrate  is  related  to  the  energy  of  the 
bombarding  ions  (Kef.  2,?,  and  5)*  The  concentration  of  the 
implanted  ions  is  related  to  the  ion  current,  the  time  exposed, 
and  the  temperature  o''  the  substrate  during  implantation 
(Ref.  5  and  6).  The  concentration ,  the  death,  and  the 
distribution  of  the  implanted  material  can  now  be  changed  by 
varying  the  energy  of  the  bombarding  ions,  the  ion  current, 
the  time  of  exposure,  and  the  temperature  of  the  substrate 
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during  implantation. 

One  of  the  objectives  of  ion  implanticn  is  to  increase  the 
electrical  conductivity  which  depends  on  the  number  of  carriers 
available  for  conduction  and  the  mobility  of  the  electrons. 

If  the  impurity  atoms  can  be  substitutionally  placed  into  lattice 
sites,  the  number  of  carriers  available  for  conduction  will  be 
increased.  However,  the  mobility  is  decreased  during  ion 
imolantion  because  it  causes  damage  to  the  crystal  lattice. 

To  increase  the  conductivity  it  is  important  the  damage  to  the 
crystal  lattice  be  small  and  that  the  impurity  atoms  be  substi¬ 
tutionally  placed  into  crystal  lattice  sites. 

Another  objective  for  ion  implanted  materials  is  that  they 
can  be  used  in  infrared  (IR)  detectors.  In  both  extrinsic  and 
intrinsic  semiconductor  crystals,  the  valence  band  and  conduction 
band  are  separated  by  the  band  gap  energy  which  in  silicon  is 
1.12  eV  (Ref.  7t$k).  For  a  photon  to  excite  an  electron  from 
the  valence  band  into  the  conduction  band  it  would  need  at 
least  that  much  energy.  Therefore,  extrinsic  silicon  would  not 
be  useful  in  IR  detectors.  In  an  extrinsic  semiconductor  or  a 
crystal  with  impurity  atoms  in  substitutional  lattice  sites 
the*~e  is  also  an  ionization  energy  between  the  donor  level  and 
the  conduction  band  of  an  n-type  layer,  or  the  acceptor  level 
and  the  valence  band  of  a  p-type  layer,  In  p-type  Si  implanted 
with  indium  (In)  the  ionization  energy  between  the  acceptor 
level  and  the  valence  band  is  about  .16  eV  (Ref.  7*63).  Because 
the  ionization  energy  is  much  smaller  than  the  band  gap  energy, 
the  extrinsic  semiconductors  can  be  used  in  IR  detectors  to 
detect  longer  wavelength  photons. 


The  process  of  ion  implantation  has  both  benefits  and 
disadvantages  associated  with  it.  dome  of  the  reported 
benefits  are  (Ref.  3i6»and  8)«  (l)  the  concentration  of  dopants 

for  laser  annealed  sarnies  can  exceed  the  solubility  limit, 

(2)  masking  of  either  the  icn  beam  or  the  sample  can  be  done 
to  produce  many  doping  configurations,  (3)  known  impurity 
dooant,  and  (4)  depth  of  the  dopants  can  be  varied  by  changing 
the  energy  of  the  ions.  The  disadvantages  of  the  process  are 
(Ref.  2,  6, and  d):  (l)  the  impurity  atoms  bombarding  the 

substrate  cause  disorder  in  the  crystal  lattice  such  as  dis¬ 
location  loops,  stacking  faults,  and  clusters  of  point  defects, 

(2)  at  hirh  concentrations  of  imourity  atoms  complete  amorphi- 
zation  of  the  crystal  lattice  is  caused,  and  (3)  ions  seldom  go 
into  the  lattice  sites  substitutionally. 

For  the  implanted  material  to  have  the  electrical  oroperties 
desired  in  the  layers  or  junctions,  the  impurities  need  to  be 
substituted  into  the  lattice,  and  the  damage  to  the  lattice  must 
be  repaired.  A  process  known  as  thermal  annealing  is  the  most 
common  way  to  repair  the  lattice  and  to  get  the  impurities  into 
lattice  sites. 

Thermal  annealing  involves  heating  of  the  implanted  substrate 
to  temperatures  of  800-900°  C  for  approximately  thirty  minutes. 
Although  the  substrate  does  not  melt,  the  atoms  within  the 
substrate  are  able  to  re-order  themselves  and  repair  much  of 
the  damage  caused  by  ion  implantation.  However,  thermal 
annealing  also  has  some  undesireable  effects  such  as  (Ref.  2  and 
9)1  (l)  degradation  of  the  electrical  properties  of  the 

substraet,  (2)  redistribution  of  the  dopants,  (3)  contamination 
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of  the  surface  with  other  impurities,  (4)  drop  in  minority 
carrier  life  time,  and  (5)  dislocation  looos  and  stacking 
faults  resist  thermal  annealing. 

Another  method  of  annealing  involves  using  a  laser  beam, 
and  is  called  laser  annealing.  Pulsed  neodymium,  pulsed  ruby, 
and  cw-argon  are  the  most  freouently  used  lasers  for  laser 
annealing.  The  mechanism  responsible  for  laser  annealing  is 
not  entirely  understood  but  there  is  evidence  that  for  nano¬ 
second  oulsed  laser  anneal inr  the  material  actually  melts  and 
then  recrystallices  (Kef.  10, 11, 12, and  13).  For  cw  laser 
annealing  the  process  a 'nears  to  be  similar  to  therm  .1  annealing 
but  the  time  of  heating  due  to  the  laser  is  less  than  that  used 
in  thermal  annealing  (Hef.  10  and  13). 

Credit  for  discovering  laser  annealing  is  given  to  a  group 
of  Russian  scientists  who  published  their  report  in  1^74.  Since 
that  time,  scientists  all  over  the  world  have  shown  an  interest 
in  laser  annealing.  In  the  United  States  the  most  active 
scientific  groups  are  Sell  Laboratories  in  New  Jersey,  Cak 
Ridge  National  Laboratory  in  Tennessee,  and  Stanford  Electronics 
Laboratories  in  California. 

The  interest  in  laser  annealing  is  due  to  its  advantages 
over  thermal  annealing.  These  advantages  are;  (l)  most  of  the 
laser  energy  is  absorbed  in  the  implanted  area;  therefore,  the 
electrical  properties  of  the  substrate  are  not  affected  (Ref.  14), 
(2)  since  the  process  is  rapid,  the  amount  of  contamination 
from  the  environment  is  reduced,  (3)  dislocation  loops  and 
stacking  faults  are  removed  (Ref.  3  and  14),  (4)  the  carrier 
concentrations  can  exceed  the  limit  of  solubility  of  the 
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impurities  (Ref.  9»227),  and  (5)  the  process  is  fast  and  no 
furnaces  are  needed  making  it  ideal  for  industry  (Ref.  2  and  3). 

Most  of  the  published  parsers  deal  with  work  done  on  silicon. 
There  has  also  been  some  work  on  Gernanium  (Ge),  Gallium 
Arsenide (GaAs ) ,  and  other  semiconducting  materials.  These 
reports  usually  examine  the  observed  changes  in  either  the 
Physical  or  electrical  properties  of  the  substrate  as  a 

function  of  either  the  laser  annealing  energy  density 

2  2 
( joules/cm*'  )  or  the  power  density  (MW/cnT). 

In  many  of  these  reports,  two  specific  values  are  givens 
(l)  annealing  threshold,  and  (2)  critical  damage  threshold. 
Although  tvese  quantities  are  not  well  defined,  they  usually 
correspond  to  a  specific  change  in  the  physical  or  electrical 
properties  of  the  implanted  substrate.  The  annealing  threshold 
is  usually  the  lowest  energy  or  power  density  where  a  change  in 
the  physical  or  electrical  properties  is  observed.  The  critical 
damage  threshold  is  where  visual  damage  such  as  craters, 
microcracks,  and  cavities  in  the  surface  begin  to  appear. 

Visual  damage  is  the  easiest  to  detect;  however,  other  types 
of  damage  such  as  decrease  in  photoconductivity ,  mobility,  and 
carrier  density  can  be  caused  by  laser  annealing  (Ref.  L). 

Lack  of  consensus  exists  regarding  how  the  laser  flux  or  energy 
density  causes  damage  but  several  attempts  have  been  made  to 
find  an  acceptable  theory  (Ref.  1507). 

Most  of  the  theoretical  work  has  dealt  not  only  with  the 
laser  induced  damage  but  also  with  the  mechanisms  of  laser 
annealing.  A  universal  theory  is  very  difficult  since  the 
laser  annealing  process  is  dependent  upon  the  following 
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variables i  (l)  the  wavelength  of  the  laser  used,  (2)  the 
laser  flux  or  energy  density,  (3)  the  time  of  the  annealing 
oulse,  (4)  the  substrate  material,  (5)  the  temperature  in 
which  the  annealing  is  done,  (6)  the  orientation  of  the 
substrate,  (7)  the  concentration  and  distribution  of  the 
implanted  impurities,  and  (8)  the  spatial  uniformity  of  the 
laser  flux. 

The  purpose  of  this  thesis  is  to  examine  the  effect  that 
the  wavelength,  energy  density,  substrate  material,  type  and 
concentration  of  impurities,  and  the  spatial  uniformity  of  the 
laser  flux  have  on  the  annealing  process.  3y  comparing  the 
results  obtained  by  time-resolved  reflectivity,  optical 
reflectivity  (Ref.  22),  and  visible  microscopy  with  reported 
experimental  work  and  numerical  calculations,  information  on 
how  these  variables  affect  the  annealing  process  will  be  obtained. 
Also,  one  oroposed  theory  states  that  laser  induced  damage  may 
be  due  to  a  plasma  at  the  air-substrate  interface  (Ref.  16:63?) s 
this  will  be  examined  to  determine  the  validity  of  this  theory. 

/ 
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II.  bAOKO  ROUND 


kv*a:-An:v^ULui 

Laser  annealing  is  one  method  that  is  used  to  anneal 
ion  implanted  seniconduetin?':  material.  Annealing  is  a  process 
which  assists  the  implanted  ions  to  occupy  substitutional 
crystal  lattice  sites,  and  repair  the  damage  in  the  crystal 
lattices  caused  by  the  ion  implantation.  For  thermal  annealing, 
the  heat,  from  a  furnace  is  used  to  anneal  the  samples,  while 
for  laser  annealing  the  irradiation  from  the  laser  beam  is 
used  for  the  annealing  process. 

Since  the  first  paper  was  published  on  laser  annealing 
there  has  been  a  great  deal  of  laser  annealing  work  performed. 
The  term  laser  anneal  trip  i  however,  has  not  been  clearly  defined. 
In  most  of  the  published  work  laser  anneal i ng  is  considered  to 
occur  whenever  the  physical  or  electrical  properties  of  the 
material  undergo  a  change  that  can  be  detected.  For  example, 
Khaibullin,  e  t. .  a  1 .  (Kef.  0:22*;)  define  laser*  anneal ing  to  have 
occured  when  the  laser  irradiation  causes  electrical  activation 
of  an  imnlanted  impurity. 

Some  of  the  methods  used  to  examine  the  physical  chanc.es 
in  the  samples  are«  (l)  visible  (Kef.  r>),  electron  (Ref.o  and 
14),  and  phase  contrast  (Kef.  10)  microscopy  which  are  used 
to  examine  changes  in  the  surface  layer  of  the  sample,  (2) 
optical  reflectance  (Kef.  10,11,1?,  and  IP)  and  transmission 
(Ref. 11 )  of  the  sample  during  the  laser  annealing  process  are 
used  to  determine  whether  the  surface  of  the  sample  melted, 

(3)  Rannn  Scattering  (Kef.  10),  (4)  Rutherford  backscattering 
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which  is  used  to  examine  the  impurities  not  In  substitutional 
lattice  sites  of  the  crystal  (Kef.  12, 10, and  20),  (5)  ellipso- 
metry  (Kef.  21),  and  (6)  optical  reflectivity  which  is  vised  to 
examine  the  crystalline  structure  (Kef. 22).  Electrical 
measurements  which  determine  whether  the  impurities  have  been 
electrically  activated  such  as  sheet  resistivity  (Kef.Q  nnd2l) 
and  Hall  measurements  (Kef.  14  and  21)  have  been  performed. 

During  laser  annealing,  the  laser  irradiation  is  absorbed 
by  the  material  causing  its  temoerature  to  rise.  As  the  tem¬ 
perature  Increases,  the  atomic  mobility  of  the  atoms  will 
increase  making  it  possible  for  the  atoms  to  move  into  crystal 
lattice  sites.  Heat  is  then  dissipated  by  either  thermal 
conduct’on  or  reradiated  from  the  surface  (Kef.  1  and  24). 

The  exact  mechanism  of  the  annealing  process}  however,  is  not 
known .  Two  mechanisms  that  have  been  identified  are  a 
solid-phase  epitaxial  and  a  liquid-phase  epitaxial  regrowth 
(Kef.  11).  The  difference  between  the  solid  and  liquid  phase 
being  that  for  the  liquid-phase  eoitaxial  regrowth  t lie  entire 
implanted  area  needs  to  melt.  Due  to  their  high  energy 
output  pulsed  NdiYAD  and  ruby  lasers  are  the  most  common 
lasers  used  for  the  liquid-phase  eoitaxial  regrowth  experiments. 

The  process  for  liquid-phase  epitaxy  Is  that  as  the  sample 
absorbs  the  laser  energy  its  temperature  rises.  Once  the 
surface  temperature  is  above  the  melting  point  It  will  begin 
to  melt.  The  melt  front  will  then  continue  to  move  deeper  into 
the  sample.  For  liquid-phase  epitaxial  regrowth  to  occur  the 
deoth  of  the  melt  must  be  as  deep  as  the  implanted  Impurities. 
After  the  energy  absorbed  drops  below  the  energy  lost  by  the 
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material,  the  melted  front  will  recede  toward  the  surface  of 
the  sample.  Recrystallization  of  the  sample  then  occurs 
using  the  unmelted  crystalline  substrate  as  a  seed. 

Several  different  methods  of  examination  have  been  used 
to  show  that  for  nulsed  laser  anneal  ing  melting  actually 
occurs  (Ref.  11,12,11,25#  arid  26).  Cno  method  called  time- 
resolved  reflectivity  (Ref.  ll)  has  utilized  the  fact  that  the 
reflectivity  of  Si  and  GaAs  increases  when  they  are  in  a  liquid 
state.  Using  a  HeNe  probe  laser  it  was  shown  that  an  increase 
in  the  amount  of  the  reflected  HeNe  beam  did  occur  during  the 
annealing  laser  pulse.  The  increase  in  reflectivity  during 
the  laser  annealing  for  Si  and  GaAs  was  found  to  be  comparable 
with  the  reported  reflectivity  values  for  crystalline  and 
liquid  Si  and  GaAs. 

The  solid-phase  epitaxial  regrowth  differs  from  the 
liquid-phase  in  that  the  implanted  layer  does  not  melt.  Work 
in  the  area  of  solid-phase  e  pitaxial  rogrowth  is  bo  in*';  done 
at  both  Bell  and  Stanford  Laboratories  with  a  scanning  ow 
laser  beam  (Ref.  2  and  11).  Results  obtained  by  Bell  Labora¬ 
tories  found  that  cw  laser  annealing  gives  similar  results  as 
thermal  annealing  (Ref.  1.1).  Bell  Laboratories  also  performed 
experiments  to  verify  that  the  regrowth  procedure  was  solid- 
phase  exitaxial  regrowth  and  not  liquid-phase.  This  experiment 
was  done  using  a  HeNe  laser  probe  as  in  the  time-resolved 
reflectivity  measurements.  These  results  can  bo  seen  in 
Figure  l  where  the  reflectivity  measured  below  6  W  is  that 
from  an  amorphous  layer.  At  about  6.1  W  the  reflectivity 
drops  to  that  of  crystalline  Si.  As  the  power  is  increased, 


Figure  t.  Keflectivity  vs. 
Argon-Laser,  Power  fojf  SiiAs 
SO  keV  w  101  ions/cm*~ 

(Kef.  13*1^). 


a  large  change  in  reflectivity  corresponding  to  Si  melting  is 
observed.  The  dashed  line  was  recorded  from  a  sample  which 
was  previously  annealed.  Comparison  of  the  dashed  line  and 
the  solid  line  supports  the  theory  that  the  sample  was  annealed 
at  power  levels  lower  than  that  required  to  melt  the  sample  1 
therefore,  liouid-phase  epitaxy  was  not  the  annealing  mechanism 
The  work  at  Stanford  (Ref.  2?)  also  shows  results  of  laser 
annealed  samples  to  be  similar  to  those  of  thermally  annealed 
as  seen  in  Figure  2.  It  can  be  seen  in  Figure  2  that  the 
laser-annealed  impurity  distribution  is  almost  identical  to 
the  distribution  predicted  by  LSS  range  statistics.  However, 
the  thermal-annealed  impurity  distribution  due  to  a  heating 
time  much  longer  than  that  of  laser  annealing  is  seen  to  have 
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Figure  2.  Concentrat ion  profiles  of  As  in  Si  after 
laser  annealing.  A  indicates  the  thermally  annealed 
profile,  O the  laser  annealed  profile,  and  □  the 
calculated  profile.  (Ref,  27*27 6). 


a  broader  distribution. 

The  majority  of  the  laser  annealing  work  has  used  nano¬ 
second  laser  pulses.  Because  the  process  is  so  fast,  many 
useful  and  interesting  effects  take  place.  Khaibullin,  et.al. 
(Ref.  Oi23l)  have  stated  that  for  the  nanosecond  regime  the 
mechanism  of  laser  annealing  involves  more  than  just  ordinary 
thermal  effects.  They  have  also  determined  that  for  a  high 
concentration  of  impurities  the  limit  of  solubility  of  the 
impurities  in  silicon  can  be  exceeded.  Another  interesting 
result  that  has  been  suggested  is  that  damage  may  result  from 
a  olasma  breakdown  in  the  vapors  of  the  material.  This 
suggestion  is  based  on  calculations  showing  that  the  pressure 
of  the  vapor  for  both  Si  and  Ge  at  the  energy  density  where 
damage  is  observed  to  occur  is  at  about  10  atm  (Kef.  16*6 37 ) • 

A  problem  with  annealing  GaAs  has  been  that  exposure  to 
heat  has  resulted  in  a  Ga-rich  surface  (Kef.  IB  and  28).  One 
method  used  to  control  the  loss  of  As  has  been  to  cap  the  sample 
before  annealing.  It  has  been  shown  for  uncapped  GaAs  that  the 
concentration  of  the  Ga  at  the  surface  is  less  when  a  nanosecond 
pulse  is  used  than  when  a  millisecond  pulse  is  used  (Ref .28 1 1K02 ) . 
Bell  Laboratories  has  also  shown  that  by  using  time-resolved 
reflectivity  and  Rutherford  Backscattering  (RBS)  that  good 
crystallinity  and  minimal  loss  of  As  for  the  nanosecond  pulse 
regime  could  be  obtained.  They  also  determined  that  the  optimum 
for  the  melt  time  was  dependent  upon  the  concentration  of 
implanted  impurities  (Ref.  18). 

It  has  been  determined  that  parameters  such  as  the 
concentration  of  implanted  impurities  (Ref.  9  and  20),  the 


wavelength  of  the  annealing  laser  (Kef.  °  and  13)#  and  the 
substrate  material  (Ref.  1}  and  16)  affect  the  laser  annealing 
process.  Probably  the  most  important  parameter  to  be  reported 
for  a  particular  wavelength  is  the  energy  or  power  density 
used  to  anneal  the  sample.  Several  papers  on  laser  annealing 
have  reported  changes  in  the  physical  or  electrical  properties 
of  the  material  as  a  function  of  the  energy  or  power  densities 
used  in  the  annealing  process  (Kef.  Q,  1.2,13#  and  21).  These 
paners  have  reported  that  at  low  energy  densities  no  change 
occured  but  at  high  enerey  densities  visual  damage  such  as 
craters,  microcracks,  and  cavities  in  the  surface  began  to 
appear.  A  problem  with  the  reported  information  is  that  the 
values  given  for  a  particular  change  are  not  always  consistent 
from  paper  to  paper. 

One  reason  for  the  differences  in  the  reported  information 
is  the  differences  in  the  calibration  of  eneivy  density  used 
to  anneal  the  samples.  Another  reason  is  that  different  groups 
have  used  different  methods  to  examine  changes  in  the  physical 
or  electrical  properties.  Although  these  different  methods 
of  examination  are  valid,  there  can  be  differences  in  what 
information  can  be  obta’ned.  For  example,  microscopy  which 
can  detect  physical  damage  in  the  surface  and  optical  reflectivity 
technioues  which  examine  the  crystallinity  of  the  surface  can 
give  different  ideas  on  what  has  happened  to  the  surface  of  the 
sample.  The  optical  reflectivity  might,  reveal  that  the  implanted 
layer  is  crystalline  but  the  microscope  might  reveal  that 
damage  to  the  surface  has  also  taken  place.  Also  differences 
in  the  resolution  of  one  microscope  over  another  would  lend  to 
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differences  in  the  energy  density  threshold  at  which  surface 
damage  would  be  detected. 


In  one  of  the  papers,  visual  damage  in  implanted  Si  is 

2 

reported  to  appear  at  about  35  MW/cm  for  X=  .69  nm  and 
2 

60  MW/cm  for  1.06  am  (Ref.  9*226).  However,  in  a  paper  from 
Bell  Laboratories  damage  in  implanted  Si  was  at  about 
9.2  J/cm?  or  306  MW/cm'1  for  X=  1.06  am  (Hef.  13).  The  reason 
for  the  difference  between  these  two  reported  values  for  damage 
could  be  in  the  way  damage  was  defired.  The  value  reported  by 
Khaibullin,  et ,al.  (Hef.  9*226)  for  damage  was  determined  by 
examination  with  an  electron  microscope.  Bell  Laboratories! 
however,  used  the  value  of  the  energy  density  at  which  there 
was  a  loss  of  the  time-resolved  reflectivity  signal.  The 
soot  sire  of  the  HeNe  probe  beam  on  the  sample  was  ,3mm 
(Ref.  t 1 «43? )j therefore ,  the  amount  cf  surface  damage  required 
to  lose  the  reflectivity  signal  would  be  much  larger  than  that 
required  to  form  small  craters  in  the  surface  of  the  sample. 
Much  of  the  discrepancy  in  the  energy  density  needed  to  pro¬ 
duce  damage  in  the  sample  could  be  due  to  the  method  used  to 
detect  the  damage  and  in  the  definition  of  damage. 

Time-Resolved  Reflectivity 

Time-resolved  reflectivity  is  a  method  used  to  examine  the 
melting  that  takes  Place  in  the  surface  of  a  sample  as  it  is 
being  annealed.  To  accomplish  this  examination,  a  cw  laser, 
usually  HeNe,  is  reflected  from  the  surface  of  the  sample  that 
is  being  annealed.  As  the  sample  melts  its  reflectivity  in¬ 
creases.  The  change  in  reflectivity  as  detected  by  a  fast 
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Figure  3.  Time  Resolved  Reflectivity  i race 
for  virgin  GaAs» 


photodiode  can  be  seen  in  Figure  3% 

The  quantity  R^  in  Figure  3  corresponds  to  the  reflectivity 
of  the  solid  surface  before  anneal ing.  The  value  of  R^  at 
.63  um  is  35^  and  3  at  room  temperature  for  virgin  Si 
and  GaAs  respectively  (Ref.  201^3).  Amorphous  Si  has  a 
reflectivity  of  (Ref.  30*6^8),  and  GaAs  implanted  at 

1014  ions/cm"  has  a  reflectivity  of  (Ref.  21tS',8).  As 
the  samnle  heats,  the  reflectivity  will  increase  until  it 
reaches  a  value  Rj  which  corresponds  to  the  reflectivity  of 
a  liquid  melt,  at  least  one  optical  depth  thick.  The  value  of 
R^  at  A=  .63  am  is  for  liquid  Si  at  1600^  C  and  the  optical 
depth  given  by  the  reciprocal  of  the  absorption  coefficient 
(  a-1)  is  112  X  (Ref.  31 *2111).  The  reflectivity  will  remain 
at  the  value  R^  until  the  melt  depth  due  to  recrystal 1 i cation 
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becomes  less  than  one  optical  depth.  As  recrystallizaticn 
continues  and  the  surface  temperature  decreases,  the  reflectivity 
will  drop  to  K  which  is  the  reflectivity  of  the  solid  after 
annealing. 

Little  information  was  found  on  the  reflectivity  of  Si 
or  GaAs  as  a  function  of  temperature  from  300°  K  to  the  melting 
point.  References  to  information  on  the  reflectivity  for  Si 
and  GaAs  for  different  wavelengths  and  temperatures  can  be 
found  in  Appendix  A.  In  one  paper  the  reflectivity  of  Si  was 
reported  to  increase  to  60#  just  below  the  melting  point 
(Ref.  32it^C!)j  however,  another  paper  stated  that  the  reflectivity 
was  only  37. 5^  at  the  melting  point  (Ref.  33iHO).  Due  to  the 
lack  of  information  of  the  reflectivity  as  a  function  of 
temperature,  an  exact  interpretation  of  Figure  3  is  not  possible. 
Bell  Laboratories  in  one  paper  interpreted  the  time  that  the 
material  was  in  a  melted  or  licjid  state  (T)  to  be  ,iust  the 
flat  portion  or  the  signal  shown  in  Figure  3  (Ref.  ll«L30). 

In  a  more  recent  article  they  have  interpreted  T  to  be  the  time 

from  Rv  to  R  (Ref.  1 1 i 1 6 ) •  In  this  last  article,  3ell 

b  a 

Laboratories  has  also  interpreted  the  fall  time  (T^)  in 
Figure  3  to  be  the  length  of  time  required  for  one  optical 
death  to  recrystallire.  The  value  of  T ^  can  then  be  related 
to  the  velocity  that  the  melt-solid  interface  moves  toward 
the  surface  of  the  sample.  Bell  Laboratories  also  found  Tf, 
to  be  dependent  upon  minute  dust  particles  and  other  surface 
irregularities  (Hef.  13*22). 

In  Figures  4-9  the  time-resolved  reflectivity  signal  from 
virgin  GaAs  at  different  energy  densities  is  shown.  Figure  4 
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Figures  4-9.  The  HeNe  reflected  signal  from  virgin  GaAs 
at  enerry  densities  of  .2,  .24,  ,76,  .5.  .75,  and  .^5  J/cm" , 
and  nelt  times  of  0,  47,  77,  127,  250,  and  2Q0  (*r  )  nsec 
respectively. 
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shows  that  at  ,2  J/cm4-  no  melting  oh  the  surface  occurred.  As 
the  energy  density  was  increased  the  reflected  signal  became 
larger  until,  as  shown  in  Figures  U  and  5,  the  height  of  the 
reflectivity  sirnal  reached  a  maximum  corresponding  tc  R.,  in 
Firure  1.  As  twe  energy  density  was  increased  from  Firure  4 
to  Firure  5.  the  flat  portion  of  the  signal  becomes  lonrer. 
Finally,  the  energy  density  will  become  so  large  that  the 
surface  o*~  the  sample  will  be  destroyed,  and  a  sirnal  like 
Figure  £  will  be  obtained. 

3y  plotting  T  versus  energy  density,  characteristics  such 
as  the  difference  in  the  energy  density  require'  to  start 
melting  in  implanted  and  virg,in  samples  can  be  obtained.  T  has 
been  compared  to  observed  changes  in  samples  by  R33  to  determine 
the  optimum  conditions  for  annealing  dans  (Ref. 18).  Therefore, 

T  can  be  related  tc  the  physical  cr  electrical  charges  in  the 
material  as  a  result  of  the  annealing  process  in  the  sane  way 
that  the  energy  density  has  been  used  (Ref.  Q,1Q,  and  21). 

Laser  Absorption  During  Annealing 

Due  to  the  absorption  of  the  laser  energy,  the  temperature 
of  the  sample  will  increase  during  the  annealing  process.  As 
the  temperature  increases  the  atomic  mobility  of  the  atoms  in 
the  semiconductor  will  increase  allowing  the  impurity  atoms  to 
move  into  substitutional  lattice  sites. 

Most  of  the  theoretical  examination  of  the  absorption  of 
the  laser  radiation  has  dealt  with  crystalline  semiconductors. 
One  of  t.he  most  important  parameters  that  nust  be  considered 
when  examining  the  absorption  in  crystalline  semiconductors  is 
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the  nhoton  energy  (hv).  For  an  hv  >  energy  gap  (Eg),  the  laser 
energy  will  be  strongly  absorbed  as  in  netals.  However,  if 
hv  <Eg,  the  absorption  will  be  governed  by  multi  photon 
abscrotion  and  by  extrinsic  material  properties  s  ich  as  impuri¬ 
ties,  inclusions,  and  surface  preparations  (Kef.  4sl).  The 
rneasured  absorption  coefficients  (a)  for  slightly  disordered 
and  amorphous  Hi  bear  out  this  fact. 

Khaibullin,  et.al.  (Kef.  9*227)  report  that  for  hv  >  Eg 

(X  =  .69  um)  slightly  disordered  Si  a  =  4x10^  cm-1,  and 

.  09  urn 

4-1 

for  amorohous  bi  a  /n  =  4x10  cm  or  an  increase  of  an  order 
r  .69  um 

of  magnitude.  For  hv  ~  Eg  (X  =  1.06  urn)  slightly  disordered  Si 

-1  „  4  _i 

a,  =  20  cm  ,  and  for  amorohous  ii  a.  =  4x10  cm  * 

1.06  urn  •  1.06  um 

or  an  increase  in  a  of  three  orders  of  magnitude.  Therefore, 
it  can  be  seen  that  the  effect  of  the  extrinsic  m"terial  proper¬ 
ties  on  a  is  much  larger  for  hv  »  Eg  then  when  hv  >  Eg.  The 
importance  or  the  extrinsic  croperties  of  the  material  when 
hv  «  Eg  is  also  seen  from  reported  information  that  it  is 
difficult  to  obtain  uniform  annealing  in  Si  when  1.06  um 
irradiation  is  used  (Kef.  17*558). 

Khaibullin,  et.al.  (Kef.  9*231)  state  that  if  the  wave¬ 
length  of  the  laser  used  for  annealing  is  in  the  fundamental 
absomtion  band  then  two  mechanisms  for  absorption  dominates 
(1)  a  semiconductor  mechanism  and  (2)  ar.  induced  metallic 
mechanism.  The  semiconductor  mechanism  is  a  band-to-band 
absorption,  and  results  whenever  photons  having  energy 
hv  >  Eg  are  absorbed  and  generate  electron-hole  pairs.  When 
these  electron-hole  pairs  recombine  in  a  nonradiative  process, 
the  absorbed  energy  is  transferred  to  the  lattice  causing  it  to 
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heat.  The  metallic  mechanism  takes  place  whenever  the  energy 
is  absorbed  by  free  electrons.  The  photon  energy  absorbed  by 
the  electrons  poes  into  kinetic  energy  and  is  transferred 
from  the  electrons  to  the  lattice  by  collisions  which  results 
in  the  heating  of  the  lattice.  According  to  Kruer,  e t . a  1 . 

(Ref.  ki2) ,  the  band-to-band  generation  is  usually  the  domanant 
mechanism  whenever  hv  >  bp.  However,  for  nanosecond  pulses 
the  metallic  mechanism  can  bo  very  important  since  the  material 
melts.  Once  the  material  molts,  hv  does  not  need  to  bo 
preater  thin  the  enerpy  pap  of  the  sample  to  be  effectivily 
absorbed.  Hell  Laboratories  have  shown  that  the  optical 
properties  of  the  melted  material  are  metallic  since  both 
infrared  and  visible  laser  irradiation  are  absorbed  with  about 
the  same  efficiency  (Ref.  17*55B). 

One  of  the  problems  with  the  published  theoretical  work 
is  that  crystalline  samples  are  considered.  At  onorry  densities 
below  that  required  to  achieve  meltinp,  factors  such  as  the 
reflectivity  and  the  absorption  coefficient  of  implanted  and 
crystalline  sumnles  are  usually  different.  Usinp  time-resolved 
reflectivity  techniques,  the  enerpy  density  required  to  start 
meltinp  (meltinp  threshold)  in  Si  implanted  with  10  keV  As  at 

1  (T  O 

10  ions/cm‘  with  X  =  .53  um  was  determined  to  be  about  2/3 
that  required  to  produce  meltinp  in  unimplanted  Si  (Ref.  13*20) . 
The  reason  for  the  difference  in  meltinp  threshold  is  not  known 
but  lower  meltinp  temperatures  or  thermal  conductivity,  or 
both  have  been  suppested  (Ref.  1 3*20).  Other  factors  that 
mipht  also  produce  the  lower  meltinp  threshold  are  the 
difference  in  reflectivity  and  absorption  coefficient  of  the 


implanted  and  unimnlanted  Si. 

Although  a  difference  exists  in  the  threshold  for  melting 
between  implanted  and  unimulanted  Si,  the  difference  in  the 
melt  time  (T)  rapidly  disappears  as  the  energy  density  is 
increased  (Kef.  t^i!7).  Since  the  sample  is  in  a  melted  star <  . 
the  dominant  absorption  mechanism  is  no  longer  n  band -to- band 
absorption  but  a  metal ic  absorption.  Therefore,  the  reason 
T  becomes  the  same  for  both  implanted  and  unimplanted  d i  is 
that  the  mechanism  for  absorption  and  the  reflectivity  will  :• 
the  same.  As  the  energy  density  is  increased  above  the  mo! t: 
threshold,  the  percentaeo  of  ene-py  absorbed  prior  to  melti?'>- 
will  decrease  makinp  the  difference  in  T  between  the  implants  • 
and  unimplanted  samples  decrease. 

Plasma  far.-faee  Damage 

Cne  possible  cause  of  damage  such  as  craters  in  the 
surface  of  a  laser  annealed  sample  that  has  been  suggested  is 
that  the  damage  might  be  due  to  a  plasma  formed  at  the  nir- 
samrle  interface  (Kef.  t6iP3?).  The  formation  of  a  plasma  ca* 
result  in  an  enhanced  coupling  of  the  laser  energy  to  the  su*--'< 
of  the  sample  (Kef.  3t>«70).  Although  the  mechanisms  for  the 
igniting  of  a  plasma  are  not  well  understood,  possible  causes 
are  thermionic  emission  and  vaporization  of  surface  particles 
(Ref.  d^iAo).  The  reason  for  the  suggestion  that  damage  was 
due  to  a  plasma  is  that  the  vapor  pressure  of  the  vaporised 
surface  particles  in  Cle  and  oi,  where  damage  was  observed  to 
occur,  was  calculated  to  be  10  Atm  (Kef.  I6t637).  Comparison 
between  reported  Information  is  needed  to  determine  whether  or 
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not  a  nlasma  will  be  formed. 

The  energy  or  power  density  required  to  produce  a  plasma 
in  air  (air  breakdown)  depends  unon  the  ambient  gas,  the 
pressure,  the  laspr  wavelength,  the  focal  spot  size,  and  partly 
on  the  pulse  length  and  distribution  of  the  intensity  across 
the  laser  beam  (Hef.  34 165 ).  An  example  of  how  pressure, 
ambient  gas ,  and  wavelength  affect  the  breakdown  threshold  can 
be  seen  in  Figure  10.  This  work  was  done  using  the  first  and 
second  harmonics  of  ruby  and  neodymium  lasers.  The  pulse  length 
for  X  =  1.06  am  and  .69  am  was  40  nsec,  while  x  =  .53  am  and 
. 374  um  had  pulse  lengths  of  2P  and  20  nsec  respectivly. 

Buscher,  Tomlinson,  and  Damon  (Hef.  34«6^)  have  also 
measured  the  breakdown  threshold  for  several  molecular  and  inert 
gases  using  40  nsec  pulsed  ruby  and  neodymium  lasers.  From 
these  results  seen  in  Figure  11,  the  breakdown  threshold  in 
air  at  760  torr  (1  atm)  is  about  2  x  10^  W/cm"  and  6.5  x  10^  W/cm 
for  X  =  .69  urn  and  1.06  am  respectively. 

Khaibullin,  e t . a 1 .  (Hef.  9«226)  reported  observing  damage 
in  Si  at  3.5  x  107  W/cm4-  for  X  =  .6d  um  and  5.^  x  10  W/cm*"  for 
X  =  1.06  urn.  Therefore,  from  Figure  11  air-breakdown  occurs 
at  about  three  orders  of  magnitude  more  than  t lie  damage  threshold 
reported  by  Khaibullin,  et ,al .  .  and  at  about  two  orders  of 
magnitude  more  than  Bell  laboratories  reported  damage  threshold 
value . 

For  laser  beams  striking  a  solid  surface,  plasmas  have 
been  observed  to  occur  at  more  than  two  orders  of  magnitude 
below  that  required  for  air-breakdown  (Hef.  30«6,7).  A  factor 
of  two  orders  of  magnitude  lower  would  place  plasma  formation 


Figure  10.  Frequency  dependences  of  the  breakdown 
thresholds  of  inert  gases  (Kef.  34»74)«  1  ~ 3 • 
argom  4,  6-8)  xenonj  1,  4)  p=l000  torri  2,  6) 
2000  torrj  3,  7)  4000  torr»  5,  8)  8000  torr. 


Figure  11*  Threshold  power  densities  in  the  broa 
down  of  molecular  (a)  and  inert  (b)  gases  (Ref.  341 
66),  The  dashed  lines  represent  the  effects  of  a 
ruby  laser,  and  the  continuous  lines  the  effects  of 
a  neodymium  laser. 
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for  X  =  1.06  um  at  about  6. 5  x  10  W/crn  which  is  close  to 
the  damage  threshold  reported  by  3ell  Laboratories.  Therefore, 
the  suggestion  that  damage  is  due  to  a  plasma  formed  at  the 
air-sample  interface  is  valid  and  should  be  investipated. 

Methods  that  have  been  used  to  verify  that  a  plasma  has  been 
formed  in  air  or  on  metal  targets  such  as  Aluminum  ( A 1 )  are  a 
visable  flash,  a  decrease  in  laser  energy  transmitted  through 
the  focal  volume,  or  an  increase  in  reflection  of  the  laser 
radiation  (Ref.  34:64,72). 

Theoretical  Work  on  Laser  Annealing 

The  purpose  of  a  theoretical  treatment  of  laser  annealing 
is  that  it  can  be  used  to  obtain  a  better  understanding  of  the 
heating  and  melting  effects  that  take  place.  To  obtain  a 
detailed  analysis  of  the  effects  of  heating,  the  heat  flow 
equation  must  be  solved  for  the  case  where  the  heat  capacity  (Cp) , 
the  mass  density  (p),  and  the  thermal  conductivity  (K)  are 
temperature  dependent.  The  heat  flow  equation 
V^T  -  (l/D)3T/3t  =  -A( x,y, z,t)/K 
where  the  thermal  diffusivity  (D)  =  K/Cpp  and  A(x,y,z,t)  is 
the  heat  generation  rate,  becomes  nonlinear  when  Cp,  p,  and  K 
are  temperature  dependent  and  most  of  the  time  must  be  solved 
numerically  (Ref.  36*10). 

Several  numerical  solutions  of  the  heat  flow  equation  have 
been  performed  for  laser  annealing  of  semiconducting  material 
with  nanosecond  pulses  (Ref.  32,32,3?,  and  3B).  To  simplify 
the  calculations,  the  heat  flow  equation  can  be  reduced  to 
one  dimensional  by  assuming  that  the  radius  of  the  laser  beam 
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is  much  larger  than  the  thermal  diffusion  length  (2Dtp)',  where 
tp  is  the  pulse  length  of  the  laser.  Using  the  one  dimensional 
heat  flow  equation,  the  numerical  solutions  were  performed  by 
dividing  the  sample  into  slices  az  thick  and  the  time  into 
a  number  of  small  time  intervals  At  long.  The  solutions  were 
then  obtained  by  using  an  iterative  process  for  each  cell  and 
time  At.  The  latent  heat  of  fussion  at  the  melt-solid  interface 
and  estimates  of  how  K,  Cp,  jp,  a.  and  the  reflectivity  (R) 
changed  with  changing  temperature  were  also  included.  However, 
estimates  of  how  R  and  a  changed  differed  from  paper  to  paper. 

One  of  the  purposes  of  the  numerical  work  was  to  determine 

whether  liquid  or  solid-phase  epitaxy  was  the  regrowth  mechanism. 

-1  2 

Since  the  diffusion  coefficient  for  solid  Si  is  about  10 

—14-  2 

to  10"  cm  /sec,  solid-phase  epitaxy  can  not  explain  the 

reprowth  that  has  been  observed  (Ref.  32»13?).  However,  liquid 

—4  2 

Si  has  a  diffusion  coefficient  of  about  10“  cm  /sec  and  so 
the  growth  rate  could  be  as  high  as  1010  X/sec  which  could 
explain  the  regrowth  observed  (Ref.  38). 

The  result  of  numerical  solutions  have  shown  that  for 
nanosecond  pulses  the  material  does  melt  and  that  the  depth 
of  melt  is  dependent  on  the  energy  density  (Ref.  32, 33, 37, and  3? ) • 
These  results  agree  with  experimental  work  that  has  shown  that 
the  material  melts  (Ref.  12  and  13)  and  that  the  regrowth 
mechanism  is  a  liouid-phase  epitaxy  for  laser  annealing  with 
nanosecond  pulses. 

Baeri,  et.al.  (Ref.  38)  have  performed  numerical  calculations 
for  the  temperature  of  the  surface  layer  of  an  amorphous  Si 
versus  time  for  a  flat  and  gaussian  laser  pulse.  They  have 
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Figure  12.  Calculated  surface  layer  temperature  of 
amorphous  Si  vs.  tine  for  a  flat  and  a  Gaussian  laser 
pulse  shape.  Lower  curves  for  room  temperature  thermal 
conductivity  (K)  and  upper  curve  for  a  variable  K.  (Ref.  38) 

also  shown  in  Figure  12  that  for  a  variable  K  the  surface  of  the 
material  will  melt  but  for  K  at  room  temperature  the  material 
will  not  melt. 

Some  of  the  results  of  Bell,  e t . a  1 .  (Ref.  33)  can  be  seen 

in  Figures  13  and  14.  In  Figure  13  the  temperature  versus 

depth  in  the  sample  is  plotted  for  different  times  during 

the  laser  Dulse.  At  the  melting  temperature  (T  )  the  temperature 

m 

rise  is  irterrupted  until  the  latent  heat  of  fusion  can  be  added 
to  cause  the  phase  change  from  solid  to  liquid.  It  can  also 
be  seen  that  the  material  is  still  in  a  liquid  phase  when  the 
oulse  is  finished. 

In  Figure  14,  the  depth  of  melt  versus  incident  energy 
density  is  plotted  for  several  different  materials.  From 
Figure  14,  it  can  be  seen  that  amorphous  Si  melts  at  a  lower 
energy  density  than  that  of  virgin  Si.  The  difference 
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Firure  11.  The  predicted  position  dependence  of  temp¬ 
erature  at  different  times  durinr  the  laser  pulse  (ns) 
for  virgin  Si.  (Kef.  11016) 
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observed  for  the  amorphous  and  virgin  Si  is  due  to  a  difference 
in  the  absorption  coefficient  (a).  From  Figure  14  it  can  also 
be  seen  that  GaAs  melted  sooner  than  Si  and  the  slope  of  the 
melt  depth  versus  energy  density  is  smaller  than  Si,  The 
differences  between  Si  and  GaAs  are  caused  by  the  differences 
in  0^,  p,  K,  R,  and  a  for  the  two  materials.  The  values 
that  were  used  for  GaAs  are  not  j  therefore,  the  quantities 
that  contributed  the  most  to  the  difference  can  not  be  deter- 


III.  EXFEKIKENT 


Equipment  and  Experimental  Arrangement 

The  laser  used  for  this  experiment  was  a  Holobeam  series 
300  ruby  laser  equipped  with  a  3/P  in.  by  3  in.  long  ruby  rod, 
and  pumped  with  a  Xenon-filled  arc  discharge  lamp.  The  laser 
was  operated  in  the  3-switch  mode  with  an  output  that  can 
exceed  100  MW.  A  60  cm  lonr  cavity  was  used  for  all  experimental 
work,  and  the  measured  pulse  width  at  half  maximum  (FWHM)  was 
27  to  10  nsec.  The  output  of  this  ruby  laser  is  multimode  and 
horizontally  polarized. 

Two  HeNe  lasers  were  used  in  the  experimental  set  up 
which  can  be  seen  in  Figure  15.  One  HeNe  laser  was  used  for 
alignment  purposes,  while  the  other  was  used  for  the  time-resclved 
reflectivity  measurements  (Ref.  10,  11,  and  lq). 

The  HeNe  laser  used  for  the  time-resolved  reflectivity 
measurements  was  not  polarized,  and  had  an  output  of  2.  mW  in 
the  TEM^  mode.  The  diameter  of  the  HeNe  beam  on  the  samole 
was  .72  mm,  and  the  angle  of  incidents  of  the  laser  beam  on  the 
samole  was  3^°.  The  beam  reflected  from  the  samole  was 
monitored  by  a  MRD-500  Photodiode  made  by  Motorola  Semiconductor 
Products,  Inc.  The  photodiode  was  placed  behind  a  .6 3  urn 
transmission  filter  and  a  pinhole  so  that  the  ruby  laser 
pulse  would  not  affect  the  signal  detected  by  the  photodiode. 

The  photodiode  has  a  rise  tine  of  about  2  nsec.  The  voltage 
across  this  resistor  was  monitored  with  an  oscilloscope  whose 
rise  time  was  3»5  nsec. 
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Figure  15.  Experimental  Setup 


For  laser  annealing,  the  spatial  homogeneity  of  the  laser 
beam  is  important  (Ref.  24).  Since  the  ruby  laser  operation 
is  multimode,  the  spatial  homogeneity  is  not  uniform.  To 
improve  the  homogeneity,  a  piece  of  glass  which  was  frosted  on 
one  side  was  used  as  a  diffuser.  Two  different  diffusers,  a 
lip,  .tly  frosted  diffuser  for  annealing  Si  and  a  heavily  frosted 
diffuser  for  GaAs ,  were  made  for  this  process.  Both  were 
frosted  with  Buehel  Alumunium  Oxide  600  grit  powder  placed  on 
a  niece  of  600  grit  paper.  The  lightly  frosted  diffuser  was 
made  by  mixing  the  600  grit  powder  with  enough  water  to  make 
a  liquid  suspension,  while  the  heavily  frosted  diffuser  was 
made  by  mixing  only  enough  water  to  make  the  powder  into  a  paste. 
Light  sensitive  paper  was  used  to  examine  the  spatial  character¬ 
istics  of  the  ruby  laser  beam  transmitted  through  the  diffuser. 
The  burr,  patterns  on  this  paper  showed  the  spatial  homogeneity 
from  the  heavily  frosted  diffuser  to  be  more  uniform;  however, 
the  energy  density  transmitted  was  about  50%  less  than  the 
lightly  frosted  diffuser.  The  diffuser  was  mounted  at  an 
angle  of  10°  from  the  ruby  beam  with  the  frosted  side  closest 
to  the  samole.  The  unfrosted  surface  was  facing  away  from  the 
samole,  and  could  be  used  as  a  reflector  so  that  the  energy 
density  used  to  anneal  the  samples  could  be  monitored. 

The  monitoring  o'  the  energy  density  was  done  with  a 
radiometer.  The  reading  from  the  radiometer  was  a  measurement 
of  the  amount  of  energy  reflected  from  the  front  surface  of  the 
diffuser.  This  reading  was  then  related  to  the  energy  density 
at  the  samole.  The  energy  density  was  measured  with  an  energy 
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receiver  which  was  placed  behind  a  4  mm  aperture.  Pulses  from 
the  nilli-.icule  range  to  1000  joules  can  be  detected  by  the 
energy  receiver  which  senses  a  rise  in  temperature  of  the 
receiving  unit  and  compares  it  with  the  ambient  temperature. 

The  accuracy  of  the  energy  measurements  is  +  Jfr.  The  energy 
receiver  is  also  equipped  with  a  Hewlett  Packard  4220  fast 
ohotodiode  (rise  time  of  approximately  2  nsec)  for  measuring 
the  pulse  width  of  the  laser. 

To  examine  the  effects  of  laser  annealing,  it  is  necessary 
to  be  able  to  change  the  energy  density.  This  ould  be 
accomplished  by  changing  the  Xenon  pump  voltage;  however,  this 
also  changes  the  laser  pulse  width.  To  make  it  possible  to 
change  only  the  energy  density,  the  Xenon  pump  voltage  was 
kept  constant  and  part  of  the  laser  beam  was  attenuated. 
Attenuation  was  accomplished  by  using  pieces  cf  glass  tc  reflect 
part  of  the  laser  energy  into  an  energy  dump. 

To  protect  the  ruby  laser,  the  total  energy  output  was  kept 
below  1.5  J.  Due  to  the  energy  loss  caused  by  the  diffuser 
and  non-homogeneity  of  the  laser  beam,  an  aluminum  light  pipe 
was  used.  The  interior  of  the  pice  was  polished  with  a  cotton 
swab  and  the  same  600  grit  powder  used  to  frost  the  glass 
diffusers.  The  light  pipe  was  mounted  directly  behind  the 
glass  diffuser,  and  it  was  found  that  by  using  the  light  pipe 
it  was  possible  to  get  the  energy  density  greater  than  one  joule 
per  square  centimeter.  However,  due  to  spectral  reflections, 
the  annealing  bean  profile  or  the  energy  density  as  a  function 
of  distance  from  the  center  of  the  beam  changed  depending  upon 
the  distance  from  the  end  of  the  light  pipe.  From  burn  patterns 


and  from  measuring  the  energy  density  across  the  annealing 
beam,  it  was  found  that  4  cm  behind  the  pipe  gave  the  most 
uniform  beam  profile.  Examples  cf  this  can  be  seen  in  Appendix  3. 
This  position  was  then  chosen  as  the  place  for  the  sample  to  be 
annealed . 


Experimental  Procedures 

The  first  thing  that  was  done  was  to  align  the  ruby  laser 
with  an  autocollimator.  Sometimes  the  alignment  cf  the  cavity 
would  change  and  the  cavity  would  be  realigned.  The  need  for 
realigning  the  cavity  was  determined  by  observing  a  drop  in 
energy  or  an  increase  in  pulse  width  as  detected  by  the  radio¬ 
meter. 

After  the  ruby  laser  cavity  was  aligned,  light  sensitive 
paoer  was  used  to  make  a  burn  pattern  of  the  output  of  the  ruby 
laser.  The  burn  pattern  was  then  used  to  position  the  HeNe 
alignment  laser  so  that  it  was  traveling  the  same  path  as  the 
ruby  laser  beam.  The  alignment  laser  was  then  used  to  alien  the 
diffuser,  the  sample,  the  radiometer,  and  the  time-resolved 
reflectivity  laser. 

The  alignment  the  items  above  was  relatively  stable  and 
did  not  need  to  be  changed  from  pulse  to  pulse.  However,  when 
the  energy  density  was  charged  by  using  the  energy  attenuator, 
these  items  needed  to  be  real;gned.  The  reason  this  realignment 
was  necessary  was  because  of  the  displacement  in  the  ruby  laser 
beam  caused  by  the  tilted  pieces  of  glass  used  in  the  attenuator. 

Each  time  the  light  pipe  was  realigned,  a  burn  pattern  on 
light  sensitive  paper  placed  10  cm  from  the  end  of  the  pipe  was 


taken.  This  burn  pattern  was  used  to  determine  whether  or  not 
the  lieht  pipe  was  properly  aliened.  If  it  was  properly  aliened, 
the  burn  pattern  would  appear  as  a  dark  ring  with  a  dark  burn 
soot  in  the  center.  If  the  light  pipe  was  not  properly  aligned, 
the  burn  spot  would  not  be.  in  the  center  of  the  ring. 

After  the  system  was  aliened ,  the  4  mm  aperture  and  the 
energy  receiver  were  used  to  measure  the  energy  density.  The 
aperture  was  positioned  in  the  center  of  the  ruby  laser  beam, 

4  cm  behind  the  end  of  the  light  pipe.  The  energy  receiver  was 
positioned  directly  behind  the  aperture.  Four  to  six  laser 
pulses  were  then  measured  with  the  radiometer  and  the  energy 
receiver,  and  an  average  ratio  of  these  two  readings  was 
calculated.  The  ratio  was  compared  with  the  calibrated  results 
to  see  if  any  change  in  the  ratio  had  occurred.  During  the  time 
of  the  experimental  work,  no  change  in  the  ratio  occurred. 

Calibration  and  Heproduc ibility 

To  be  able  to  examine  the  results  and  make  comparisons  with 
reported  work,  an  accurate  measure  of  the  energy  density  and  the 
laser  oulse  width  used  to  anneal  each  sample  was  needed. 

The  pumn  voltage  on  the  Xenon-filled  arc  lamp  was  kept 
constant  during  the  experiments,  and  only  a  small  fluctuation 
in  the  laser  pulse  width  was  observed.  The  average  pulse  width 
of  the  ruby  laser  was  measured  to  be  28  nsec  (FWHM). 

In  order  to  avoid  calibrating  the  attenuator  and  because 
of  variations  in  the  output  of  the  ruby  laser,  it  was  necessary 
to  measure  the  energy  density  for  each  laser  pulse.  The  radio¬ 
meter  was  used  for  this  purpose.  The  radiometer  measured  the 
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amount  of  energy  reflected  by  the  front  surface  of  the  diffuserj 
therefore,  a  calibrated  ratio  of  the  energy  density  4  cm  behind 
the  light  pine  divided  by  the  energy  measured  with  the  radio¬ 
meter  was  needed  to  convert  the  energy  measured  by  the  radiometer 
to  energy  density  on  the  sample.  To  measure  the  energy  density 
4  cm  behind  the  ond  of  the  light  pine,  a  4  mm  aperture  with  the 
energy  receiver  was  used.  The  energy  detected  by  the  energy 
receiver  was  tlen  multiplied  by  the  area  of  the  aperture  to  ret 
the  energy  density. 

An  assumption  used  in  making  th^s  calculation  was  that  the 
energy  density  across  this  4  mn  aperture  was  approximately 
const.  \nt.  From  burn  patterns  and  measurements  of  the  beam 
profile  found  in  Appendix  3 ,  it  can  hr  seen  that  this  assumption 
is  valid.  Using  the  information  obtained  from  the  beam  profile 
measurement,  the  energy  density  changes  less  than  1 0>  over  the 
4  mm  area.  The  beam  profile  measurement  was  done  with  a  1.4  mm 
arerture,  and  is  just  an  approximation. 

Assuming  that  the  energy  density  measured  with  the  4  mm 
aperture  is  a  good  apnroxim  itictn,  the  ratio  of  energy  density 
at  the  sample  divided  by  the  reflected  energy  can  bo  obtained. 

This  ratio  was  determined  to  be  .173  ♦  .001  x  10  (J/cm'  -coulomb) 
when  the  lightly  frosted  diffuser  was  used.  ^hen  the  heavily 
frosted  diffuser  was  used  the  ratio  was  .08"’0  +  .0002  x  10^ 

(J/cm‘ -coulomb) .  However,  differences  of  up  to  fH  from  these 
average  values  were  -ensured.  The  major  reasons  f or  this 
difference  in  the  measurements  were  misalignment  of  the  light 
pine  and  inaccurate  «*nerey  density  measurements  resulting  from 
the  energy  receiver  not  being  allowed  to  thermal  ire  properly. 


To  minimi?, e  the  effects  of  this  inaccuracy,  the  first  laser 
pulse  was  not  used  to  get  the  average,  and  at  least  five  minutes 
were  allowed  for  the  energy  receiver  to  thermal i?e  between  each 
laser  pulse. 

The  energy  receiver  was  calibrated  with  a  TAG  10B  thermopile. 
From  that  calibration  the  energy  measured  by  the  energy  receiver 
was  only  ‘'Da'  of  that  measured  with  the  thermopile.  The  accuracy 
or  the  thermopile  is  not  known. 

Each  time  a  sample  was  annealed  the  energy  density  and  a 
picture  of  the  time-resolved  reflectivity  signal  were  recorded. 
From  this  picture  the  melt  time  (T)  of  the  sample  could  be 
established.  In  determining  T  a  criteria  of  full  width  at  90f« 
of  the  maximum  height  was  used.  Accuracy  of  T  was  +  ?  nsec 
due  to  errors  in  the  measurements. 

3am p! os 

The  samples  that  were  used  for  the  experiment  were  virgin 
GaAs  compensated  with  chromium  (Or),  virgin  3i,  GaAs  implanted 
with  tTO  keV  tellurium  (Te)  and  argon  (Ar)  at  lO1^  ions/cm*', 
and  indium  (In)  at  10  ions/om‘ .  The  implanted  samples  were 
cleaned  with  dehydrated  alcohol  and  blown  dry  while  the  virgin 
Si  samples  were  cleaned  in  hydro-fluoric  (HF)  acid  and  then 
washed  in  dehydrated  alcohol  and  blown  dry.  The  method  used  to 
clean  the  virgin  GaAs  was  to  wash  the  sample  in  hydrochloric 
acid  and  then  water.  The  virgin  GaAs  samples  were  then  etched 
for  one  minute  in  a  solution  of  three  parts  H-,30^,  one  part 

and  one  part  H^G  at  room  temperature.  The  rate  of  this 
etching  solution  was  10  pm/min.  The  samples  were  then  cleaned 
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with  dehydrated  alcohol  and  blowr.  dry. 

The  reason  for  using  the  HF  acid  on  the  virgin  Si  and  the 
etching  solution  on  the  virgin  OaAs  was  to  remove  any  oxides 
that  were  on  the  surface  of  the  samples .  Efforts  to  remove 
the  oxides  from  the  implanted  samples  were  not  made  because 
part  of  the  implanted  layer  would  have  also  been  removed.  The 
methods  that  were  used  to  clean  both  the  virein  and  implanted 
Si  and  GaAs  gave  a  clean  surface  which  is  needed  for  the  annealing 
orocess. 

Anal ys ; s  of  Anne a  1 i ng 

Analysis  of  the  annealing  was  done  using  time-resolved 
reflect’vity  measurements,  and  optical  reflectivity.  The  time- 
resolved  reflectivity  measurements  were  used  tc  determine  how 
long  the  snmole  was  in  a  melted  state.  These  measurements  were 
then  compared  with  results  obtained  with  the  optical  reflectivity 
techniques  performed  by  Lt .  Mullins.  A  detailed  description  of 
the  optical  reflectivity  technique  can  be  found  in  Reference  22. 

Error  Analysis 

Error  analysis  is  used  to  determine  the  accuracy  of  the 
experimental  data.  The  analysis  is  seperated  into  the  errors 
in  the  measurement  of  the  melt  times  (T)  and  the  errors  in  the 
measurement  of  the  energy  density. 

The  measurements  that  were  performed  on  T  used  the  full 
width  at  QO#  of  the  height  of  the  signal  from  the  fast  photo¬ 
diode.  Since  the  value  of  T  is  related  to  the  physical  or 
electrical  changes  that  occur  in  the  material  by  other  techniques, 
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only  the  errors  in  the  difference  of  T  from  sample  to  sample 
are  of  interest.  Therefore,  if  T  is  large  compared  to  the  rise 
time  of  the  oscilloscope  (3*5  nsec)  and  the  rise  time  of  the 
fast  photodiode  (2  nsec)  only  errors  due  to  the  measuring  of 
the  length  of  T  will  be  considered.  The  error  in  the  measure¬ 
ment  of  the  length  of  T  was  determined  to  be  +  7  nsec. 

Errors  in  the  measurement  of  the  energy  density  result 
from  the  beam  profile,  the  accuracy  of  the  energy  receiver,  and 
th°  ratio  of  the  energy  density  incident  upon  the  sample  to 
that  reflected  into  the  radiometer.  The  beam  profile  was  found 
to  change  about  10#  over  a  4mm  area  as  shown  in  Appendix  B. 

The  accuracy  of  the  energy  receiver  was  given  as  3#  and  the 

ratio  of  the  energy  density  incident  upon  the  sample  to  that 

reflected  into  the  radiometer  had  a  deviation  of  1#.  The  error 
in  the  energy  density  measurements  is  then  taken  to  be  13#. 

The  accuracy  of  the  measurements  is  not  known  since  the  energy 

receiver  was  not  calibrated  against  a  calibrated  energy  meter. 

Therefore,  the  error  of  13#  is  just  the  possible  error  in  the 
energy  density  measurement  from  one  sample  to  the  next. 
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IV.  RESULT S  AND  DISCUSSION 


Laser  Annealing,  of  PaA§ 

The  GaAs  samples  were  annealed  with  a  ruby  laser  (  X=  .694  ^m) 

and  pulse  width  of  about  28  nsec  (FWHM) .  The  energy  density 

2  2 

used  for  annealing  was  varied  from  .09  J/cm  (3.2  MW)  to  .95  J/cm 
(34  MW).  Analysis  of  the  effect  that  the  energy  density  had  on 
the  samples  was  done  with  time-resolved  reflectivity  (Ref.  11 
and  13),  visual  micoscopy,  and  optical  reflectivity  techniques 
(Ref.  22). 

Results  from  the  time-resolved  reflectivity  measurements 
for  implanted  and  virgin  GaAs  can  be  seen  in  Figure  16.  Measure¬ 
ments  obtained  by  Bell  Laboratories  (Ref.  13*17)  using  GaAs 

1 6  2 

implanted  with  50  keV  Te  at  10  ions/cm  and  annealed  with 
k-  .530  pm  are  also  shown. 

The  interpretation  of  the  melt  time  (T)  in  Figure  16  was 
found  to  affect  the  shape  of  the  T  versus  energy  density  curve. 
Measuring  T  as  the  flat  portion  having  a  reflectivity  R^  in 
Figure  3  gave  poor  results.  These  results  showed  large  changes 
in  T  for  samples  annealed  at  approximately  the  some  energy 
density.  These  inconsistencies  are  similar  to  those  that  have 
been  reported  (Ref.  11«438).  Measuring  T  as  the  length  of  time 
from  Rfe  to  in  Figure  3  was  not  always  possible  due  to  the 
electrical  noise  in  the  reflectivity  signal.  Measurements 
from  R^  to  Rfl  on  the  implanted  samples  gave  a  curve  very  close 
to  that  of  Bell  Laboratories  in  Figure  t6.  Accuracy  of  the 
measurements  made  from  R.  to  R„  of  the  implanted  samples  is 
questionable  because  of  the  noise  problem.  Due  to  problems 
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with  the  noise  and  the  poor  results  obtained  from  measuring 
the  flat  portion  of  the  reflectivity  signal,  the  measurement 
of  T  used  in  Figure  16  was  obtained  by  taking  the  full  width 
at  10#  of  the  height  above  and  Ra#  Since  information  was 
not  found  on  the  reflectivity  of  semiconducting  materials  as 
a  function  of  temperature,  it  was  net  possible  to  determine 
whether  or  not  T  actually  represents  the  time  that  the  material 
was  melted. 

To  determine  whether  or  net  melting  occurred,  voltage 

measurements  were  taken  for  values  of  K  and  R.  from  the 

a  1 

reflectivity  signal.  Using  the  change  in  voltage  from  R  to 

a 

R^  and  a  value  of  14>  for  R^  (Ref.  20«52"),  the  value  of 
was  determined  to  be  approximately  5Q#.  The  value  of  R^ 
obtained  from  the  voltage  measurements  is  smaller  than  that 
measured  for  liquid  Si  by  about  15#  (Ref.  31*2111).  However, 
the  value  of  R^  obtained  is  probably  that  of  liquid  GaAs,  and 
the  difference  between  R^  for  GaAs  and  that  of  Si  is  probably 
due  to  differences  in  the  material. 

In  Figure  16  it  can  be  seen  that  the  curves  of  the  im¬ 
planted  and  virgin  GaAs  have  the  same  shape.  At  low  energy 
density  no  change  in  reflectivity  or  T  was  observed,  but  as  the 
energy  density  was  increased  there  was  a  rapid  rise  in  the 
melt  tine  versus  energy  density  curve.  After  the  initial  rise 
in  the  reflectivity  signal  (T  threshold),  the  melt  time  versus 
energy  density  curve  then  goes  through  two  linear  increase 
regions  as  the  energy  density  increases.  In  virgin  GaAs  the 

p 

curve  became  somewhat  flat  from  T  threshold  at  about  .21  J/cm 
2  2 

to  about  .4  J/cm  .  At  .4  J/cm  the  slope  of  the  melt  time 


versus  energy  density  curve  became  much  steeper. 

The  basic  shape  of  the  implanted  melt  time  versus  energy 

density  curve  was  established  from  T  for  GaAs  implanted  with 

14  /  2 

120  keV  Te  at  10  ions/cm  .  However,  T  for  GaAs  samples 

implanted  with  120  keV  Te  and  Argon  (Ar)  at  101-  ions/cm*  and 
14  2 

10  ions/cm  respectively  were  also  measured.  Comparing  the 

time-resolved  reflectivity  measurements  on  the  implanted  Te  and 

Ar  samples,  it  appears  that  the  type  of  implant  does  not  affect 

the  annealing  process  since  both  have  the  same  T.  Only  one 

GaAs  sample  implanted  with  Te  at  10  ions/cm^  was  annealed. 

2 

The  sample  was  annealed  at  .35  J/cm'  and  no  difference  in  the 
melt  times  of  the  lO1'’  ions/cm''  and  the  lO1^  ions/cm'  Te 
implanted  samples  was  observed. 

Above  .4  J/cm'"  the  curve  for  the  implanted  samples  is  the 
same  as  that  for  the  virgin  within  the  error  of  measurements? 
however,  below  .4  J/cm  the  melt  time  is  longer  than  that  of 
the  virgin  GaAs.  T  threshold  for  the  implanted  GaAs  was 
determined  to  be  about  .1  J  lower  than  that  of  virgin  GaAs. 

To  decrease  the  possibility  of  error,  a  virgin  sample  was 
^irst  irradiated  and  then  an  implanted  sample  at  the  same 
energy  density.  The  difference  in  T  at  .35  J/cm  for  a  virgin 
and  implanted  sample  can  be  seen  in  Figures  17  and  18.  Three 
reasons  that  have  been  suggested  for  the  differences  in  T  of 
the  implanted  and  virgin  samples  below.. 4  J/cm''  arei  (l)  more 
of  the  laser  energy  is  absorbed  due  to  the  amorphous  layer, 

(2)  that  the  melting  temperature  of  the  amorphous  layer  is 
less,  or  (3)  that  the  thermal  conductivity  of  the  amorphous 
layer  is  less  (Ref.  13«2C). 

42 


■■ 

■■ 

wmwm 

■■ 

■■ 

■■ 

H 

■■ 

wmwm 

■ 

■ 

■■ 

mu 

kis 

ftaiii 

HU 

■■ 

■■ 

Figure  Ir.  HeNe  reflected 
signal  from  GaAs  imolanted 
with  12£  keV  Te  at  10L 
ions/cm  ^annealed  with 
.35  J/crn  .  Melt  time  Qlnsec 


U3 


In  Figure  14,  numerical  solutions  for  melt  depth  versus 

energy  density  can  be  seen.  Examining  the  curves  for  amorphous 

and  virgin  Si  in  Figure  14  shows  that  a  difference  in  the 

absorption  coefficient  will  result  in  a  difference  in  the  melti 

threshold.  Therefore,  the.  lower  melt  threshold  observed  for 

the  implanted  GaAs  is  expected.  Figure  14  also  shows  the 

melting  threshold  for  GaAs  annealed  with  a  25  nsec  ruby  laser 

2 

oulse  to  occur  at  about  .25  J/ cm  for  virgin  GaAs  which  agrees 
with  that  found  in  Figure  1 6. 

The  reason  that  the  melt  time  versus  energy  curves  for 
the  implanted  and  virgin  GaAs  become  the  sane  at  high  energy 
densities  is  not  explainable  from  the  numerical  solutions  in 
Figure  14.  However,  one  explanation  for  why  T  becomes  the 
same  at  high  energy  densities  is  that  once  the  material  has 
melted  both  the  implanted  and  virgin  material  have  the  same 
properties.  At  high  energy  densities,  the  melting  occurs 
very  early  in  the  laser  pulse  and  so  most  of  the  energy  is 
absorbed  in  the  melted  material.  Therefore,  little  difference 
in  T  should  be  observed  between  the  implanted  and  virgin 
material.  As  the  energy  density  is  decreased,  the  amount  of 
energy  being  absorbed  in  the  melted  material  will  decrease 
and  differences  in  the  properties  of  the  material  such  as  the 
reflectivity  and  the  absorption  coefficient  will  cause  more 
noticable  differences  in  T. 

A  good  explanation  for  the  differences  between  Bell 
Laboratories  results  and  that  of  this  thesis  is  not  available. 
This  is  due  to  the  fact  that  there  are  several  differences  in 
the  experiments  such  as«  (1)  Bell  Laboratories  used  .53  pm 


_ SNEKGY  DENSITY  (J/cm2) 

Figure  19#  Degree  of  Damage  vs.  Laser 
Annealing  Energy  Density  for  GaAs.  (Hef.  22) 


radiation  instead  of  .69  um,  and  (2)  the  pulse  length  used  by 
Bell  Laboratories  was  LO  nsec  ar.d  that  for  this  thesis  was  28 
nsec.  Because  Bell  Laboratories  used  .53  un  radiation,  the 
absorption  coefficient  is  larger  (Hef.  2o»51o)  and  the  melt 
threshold  should  be  lower.  However,  the  pulse  length  is  longer 
which  would  tend  to  cause  the  melting  threshold  to  increase. 
Another  possible  cause  is  in  the  measurement  of  T,  because  of 
these  differences  it  is  hard  to  obtain  a  good  explanation  for 
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the  differences  between  the  two  experiments. 

Another  method  of  examining  the  laser  irradiated  samples 

is  optical  reflectivity  techniques  (Ref.  22)..  These  results, 

seen  in  Figure  19  show  the  degree  of  noncrystallir.ity  or  damage 

(D)  versus  energy  density  for  both  the  laser  irradiated  implanted 

and  virgin  GaAs.  A  piece  of  crystalline  material  will  have  a 

value  of  D  of  zero,  and  an  amorphous  piece  of  material  will 

have  a  D  of  one  (Ref.  22).  It  can  be  seen  in  Figure  19  that 

D  for  GaAs  implanted  with  Te  at  lO1^  ions/cm"  decreases  until 

at  .^5  J/cm  it  is  as  small  or  smaller  than  the  irradiated 

virgin.  From  Figures  17  and  IP  it  can  be  seen  that  the  virgin 

and  the  imolanted  GaAs  did  not  have  the  same  T.  From  Figure  16 

it  can  be  seen  that  the  melt  time  of  the  implanted  sample 

2 

annealed  at  .35  J/cm  was  approximately  that  of  the  virgin 

2  2 
GaAs  at  .4  J/cm  .  Evaluation  of  D  above  .35  J/cm‘‘  seems  to 

indicate  that  the  laser  irradiation  is  causing  damage  to  the 

crystallinity  cf  the  sample. 

From  examination  of  the  samples  with  a  microscope  the 
2 

.35  J/cm  annealed  implanted  samole  showed  almost  no  surface 

2 

damage.  As  the  energy  density  was  increased  above  .35  d/cm 
cratering  in  the  surface  of  the  implanted  samples  became  more 
noticeable.  In  crystalline  GaAs  surface  damage  was  not 
observed  until  about  , J/cm  .  Surface  damage  in  the  form  of 
scattered  craters  was  reported  by  Mason  (Ref.  5*46)  to  occur 
at  .27  J/cm2  in  GaAs  implanted  with  Te  at  10l<’  ions/cirT.  The 
reason  for  the  lower  damage  threshold  could  be  due  to  differences 
in  the  beam  profile. 

Using  the  sheet  resistivity  measurements  in  Figure  20  for 
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the  sheet  resistivity.  (Ref.  21«60l). 

CaAs  implanted  with  120  keV  Mg  at  10  D  ions/cm',  a  large  drop 

2 

in  resistivity  at  about  .28  J/cm^  can  be  seen.  Comparing  the 
results  in  Figure  20  with  time-resolved  reflectivity  measurements 
in  Figure  16  place  the  drop  in  sheet  resistivity  at  the  energy 
density  above  the  melting  threshold.  Therefore,  there  is  a 
larre  increase  in  electrically  activated  impurities  due  to  the 
melting  of  the  implanted  layer  of  the  sample.  Also,  the  initial 
drop  in  t^e  extinction  coefficient  seen  in  Figure  20  occurring 
at  about  .1  J/cm  which  is  just  above  the  melt  threshold. 

The  droD  in  the  extinction  coefficient,  which  is  proportional 
to  the  absorption  coefficient,  just  above  the  melt  threshold, 
would  indicate  that  the  absorption  coefficient  decreases  at 
the  start  of  melting.  From  optical  reflectivity  techniques,  it 
appears  that  the  energy  density  required  for  the  lowest 
extinction  coefficient  and  for  the  sudden  drop  in  sheet 
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resistivity  In  Figure  20  (.IP  J/c m‘  )  is  close  to  thut  required 
for  good  crystallinity. 


‘al'rviof  3! 


Both  virgin  hi  and  Bi  implanted  with  10  keV  In  at  101  ions/cm 
were  annealed  with  the  ^-switched  ruby  laser  used  to  anneal  the 
CaAs.  The  analysis  of  the  annealing  wus  the  sane  as  that  of 
the  GaAs. 


Hesults  from  the  time-resolved  reflectivity  measurement 
alone  w'th  those  obtained  by  Bell  Laboratories  (Kef.  11»l?)  can 
be  seen  In  Figure  ?l.  Comparison  or  the  results  in  Figure  21 
with  Figure  lb  shows  similar  curves  but  at  about  2.*?  times  the 
energy  density. 

Molting  threshold  of  the  implanted  Si  is  about  2 0>  lower 
than  that  of  the  virgin  hut  the  difference  in  T  decreases 
until  at  ,o  J/om *  when  they  are  approximately  the  same.  Bell 
Laboratories,  uning  .  *i1  pm  found  that  the  difference  of 
melting  threshold  between  virgin  and  implanted  Si  t.o  be  about 
10#  (Ref.  1 1 1 2 0 ) .  Comparing  Boll  Laboratories  reported  values 
for  T  versus  energy  density  with  the  experimental  results 
obtained,  it  can  be  seen  that  Bell  Laboratories  curve  is 
shifted  to  lower  energy  densities.  The  slopes  and  general 
shares  o'*  the  melt  time  versus  energy  density  curves  stayed 
the  same.  Differences  In  the  data  reported  by  Bell  Laboratories 
and  the  experimental  values  obtained  along  with  differences 
observed  between  the  virgin  and  implanted  Bi  can  be  duo  to 
differences  in  t.he  absorption  coefficient. 

Bell,  et.nl.  (Ref.  Ililio)  have  shown  that  for  Si  the 
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the  higher  absorption  coefficient  causes  amorphous  Si  to  melt 

at  lower  energy  densities.  These  results  are  shown  in  Fipure  14 

2 

and  amorphous  Si  is  observed  to  molt  at  .5  S/cm  and  virpin  Si 
at  .9  J/cm‘~.  The  value  for  amorphous  Si  is  close  to  that 
shown  in  Figure  21  to  be  the  melt  threshold.  However,  the 
difference  between  the  imolanted  and  the  virpin  Si  and  the 
meltlnp  threshold  for  the  virpin  Si  do  not  apree  with  the  results 
obtained  (Ref.  33*319). 

The  results  of  the  examination  of  the  Si  by  optical 
reflectivity  can  be  seen  in  Figure  22.  These  results  show 
that  no  chanee  in  crystallinity  occurs  at  .5  J/cm''  which 
corresnonds  to  very  little  meltlnp  having  taken  place.  As 
the  energy  density  is  increased  and  more  melting  occurs, 
the  parameter  D  continues  to  decrease.  No  increase  in  L)  due 
to  laser  induced  damage  in  the  crystallinity  was  observed  to 
about  t . 3  J/cm  . 

From  observations  with  a  rrcroscope,  there  was  one  crater 

formed  in  the  center  of  the  annealing  at  energy  densities  of 
2 

. s  J/cm  .  This  crater  showed  little  increase  in  sire  from 
2  2 

.05  J/cm  to  1.3  J/cm  ,  and  non-uniformities  in  the  annealing 
beam  are  probably  the  cause  of  the  crater.  Therefore,  the 
experimental  set  up  used  to  anneal  the  Si  needs  to  be  changed 
so  that  the  beam  profile  would  be  move  homogenous. 

Using  a  reflectivity  of  3 (Ref.  20illl)  for  virgin  and 
45#  (Ref.  30«64P)  for  amorphous  Si,  and  the  voltage  measurements, 
was  calculated  to  be  60*  and  71#  for  virpin  and  amorphous 
Si  resnectively.  These  values  are  in  apreement  with  the  reported 
value  for  liquid  of  74*  (Ref.  11*2111). 
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V.  CONCLUSIiN  AND  HZCCr.’:.  ENDhTI^NS 


Conclusion 

Both  virgin  and  ion  imolanted  Si  and  GaAs  were  annealed 
with  a  Q-switched  ruby  laser  having  a  pulse  length  (T  )  of 
approximately  2P  nsec  (FWHM).  Examination  of  the  annealed 
samoles  was  accomplished  using  time-resolved  reflectivity 
measurements ,  visual  microscopy,  and  optical  reflectivity 
technioues  (Ref.  27) .  The  results  obtained  were  then  compared 
with  reported  experimental  work  and  numerical  calculations. 

Using  the  time-resolved  reflectivity  measurements,  it  was 
determined  that  the  surface  of  the  material  did  melt  above 
a  certain  energy  density.  An  exact  interpretation  of  melting 
is  not  possible  due  to  lack  of  information  on  the  reflectivity 
of  Si  and  GaAs  as  a  function  of  temperature.  The  maximum 
reflected  signal  (R^)  was  calculated  to  be  $0%  for  GaAs  and 
and  71#  for  virgin  and  imnlanted  Si  respectively.  The 
value  obtained  for  R^  of  Si  is  in  agreement  with  the  reported 
value  of  74#  for  liquid  Si  at  1600°C  (Hef.  31*2111). 

From  the  time-resolved  measurement,  a  melt  time  (T)  was 
defined  and  plotted  against  the  energy  density.  The  T  versus 
energy  density  curves  were  then  compared  with  those  obtained  by 
Bell  Laboratories.  For  Si,  the  curve  obta;ned  by  Bell 
Laboratories  was  shifted  to  lower  energy  density  values.  The 
shifting  to  lower  energy  density  is  exoected  due  to  numerical 
calculations  that  have  beer;  performed  (Ref.  33 *  348),  These 
calculation  show  that  amorphous  Si  will  melt  before  virgin  Si 
due  to  a  higher  absorption  coefficient.  Bell  Laboratories 


results  were  obtained  using  A.=  .53  ^m  radiation  which  does 

have  a  higher  absorption  coefficient  in  Si  than  X*  .69  pm 
(Ref.  29»519).  Differences  between  Bell  Laboratories  results 
and  that  of  this  paner  for  GaAs  are  not  as  easily  explained. 

The  difference  in  the  slope  of  the  melt  time  versus  energy 
density  curves  result  from  the  way  that  the  melt  time  (T)  was 
measured . 

The  time-resolved  reflectivity  measurements  were  also 
used  to  determine  what  affect  the  energy  density  had  on  the 
samples.  The  results  were  found  to  be  useful  in  determining 
that  there  is  an  energy  density  threshold  that  must  be  reached 
before  melting  will  occur,  and  that  at  very  high  energy  densities 
damare  can  be  detected.  The  threshold  for  detecting  damage  by 
this  technioue  was  found  to  be  much  higher  than  that  required 
to  produce  scattered  craters.  Comparing  the  results  with 
information  obtained  by  ootical  reflectivity  measurements  (Ref.  22) 
revealed  that  the  time-resolved  reflectivity  measurements  by 
themselves  do  not  give  an  exact  understanding  of  the  degree  of 
anneal. 

From  optical  reflectivity  techniques  (Ref.  22),  it  was 
determined  that  GaAs  is  very  sensitive  to  the  amount  of  energy 
density  used  in  annealing.  At  too  low  of  an  energy  density  the 
material  was  not  annealed  but  at  higher  energy  densities  damage 
to  the  crystallinity  of  the  surface  caused  by  annealing  was 
observed.  Si  was  not  found  to  be  as  sensitive  to  the  energy 
density  but  an  ideal  value  for  the  energy  density  needed  to 
anneal  Si  was  not  found.  It  apoeared  that  the  crystallinity 
of  Si  would  be  restored  above  1.35  G/cm  ,  which  was  the  maximum 


energy  density  used 


The  melt  time  of  samples  imnlanted  with  Ar  was  found  to 
be  the  same  as  samples  implanted  with  Te .  Therefore,  the 
damage  to  the  surface  of  the  sample  from  ion  implantation  and 
not  the  tyoe  of  implanted  material  is  believed  to  cause  the 
lower  melting  threshold  in  the  implanted  material.  Cnly  one 
sample  with  a  different  implantation  concentrati on  was  annealed, 
and  its  melt  time  fell  cn  the  melt  time  versus  energy  density 
curve  for  the  implanted  GaAs.  More  samples  implanted  at 
different  concentration  would  need  to  be  examined  before  any 
conclusions  can  be  reached  regarding  the  effect  that  the 
concentration  has  cn  the  anneal inr  process. 

Cratering  in  3i  was  observed  to  occur  at  energy  densities 
below  that  required  for  annealing.  These  craters  were  always 
formed  in  the  center  of  the  samole,  and  are  believed  to  be 
caused  by  non-uniformities  in  the  beam  profile.  The  non¬ 
uniformities  in  the  beam  profile  in  Appendix  3  are  not  seen; 
however,  from  burn  patterns  taken  at  low  energy  densities  a  hot 
snot  in  the  center  of  the  burn  was  observed.  The  hot  spot  is 
small  compared  with  the  size  of  the  annealing  beam  and  so  it  is 
not  detectable  in  the  beam  profile  •'-easuremer.t. 

An  effort  was  made  to  try  and  detect  whether  or  not  a 
plasma  was  formed  at  the  surface  of  the  sample  when  damage 
occurred.  The  method  used  to  detect  the  plasma  was  to  look 
for  a  bright  spark.  No  signs  of  a  plasma  were  seen  even  when 
the  surface  was  completely  destroyed. 
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Recommendations 


Because  of  non-uniformities  in  the  beam  profile  it  is 
not  possible  to  determine  whether  cratering  is  due  to  the 
surface  of  the  sample  or  due  to  hot  spots.  By  using  a  single 
mode  laser,  different  values  for  the  energy  density  recuired  to 
produce  visual  damage  might  be  obtained.  Since  the  center  of 
the  ^eam  would  probably  have  the  highest  energy  density,  the 
time-resolved  reflectivity  measurements  taken  at  the  center 
may  be  used  to  detect  when  damage  occurs. 

S;nce  there  is  a  possibility  that  a  plasma  is  formed  at 
the  surface  of  the  sample,  it  would  be  beneficial  to  determine 
whether  or  not  the  plasma  is  formed.  Using  a  Neodymium  laser 
for  the  first  examination  nay  be  better  because  the  breakdown 
threshold  is  lower  for  A=  1.06  p,n. 

Time-resolved  reflectivity  measurements  should  be  taken 
using  X=  .53  pro  to  verify  published  reports  and  to  examine 
differences  between  3ell  Laboratories  results  and  that  of  this 
thesis.  The  samples  should  also  be  examined  with  other  methods 
such  as  optical  reflectivity  and  sheet  resistivity  to  determine 
the  differences  that  occur  because  a  different  wavelength  is 
used.  Samples  implanted  with  different  concentrations,  dis¬ 
tribution,  and  types  of  impurities  can  be  examined  to  see  what 
affect  the  impurities  have  on  the  annealing  process.  To  obtain 
a  better  idea  of  what  can  be  determined  from  the  time-resolved 
reflectivity  signal,  information  on  the  reflectivity  of  semi¬ 
conducting  materials  as  a  function  of  temperature  needs  to  be 
obtained . 

Examination  of  the  numerical  work  that  has  been  accomplished 


could  reveal  more  information  about  what  occurs  during  laser 
annealing.  Also,  modeling  the  annealing  process  on  a  computer 
could  be  useful  if  information  about  the  thermal  and  optical 
properties  of  both  implanted  and  virgin  samoles  as  a  function 
of  temperature  can  be  obtained. 
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appears  that  the  energy  density  required  for  the  lowest 
extinction  coefficient  and  for  the  sudden  drop  in  sheet 
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APPENDIX  A 

Table  I 


References  to  the'rmal  and  optical  properties  of  Si  and  GarAs 


PROPERTY 

INFORMATION 

CONTAINED 

MATERIAL 

REFERENCE 

Absorption 

Coefficient 

function  of  photon 
energy  (hv)  at  300  °K 

virgin 

GaAs 

29 1 1?4 

at  300  °K  and  77  °K 

virgin 
GaAs  and 
Si 

■ 

for  1.06  ym  and 

.  69  am 

virgin  an- 

amorphous 

Si 

mi 

Extinction 
Coefficient  and 
Index  of 

Refrac  tion 

for  different  concen¬ 
trations  of  impurities 

for  different  temper¬ 
ature  and  wavelength 

virgin 

GaAs 

29«51P-23 

for  liquid  Si  at 

1450  °C  and  1600  °C 

liquid 

Si 

31:2111 

Mass  Density 

at  300  °K 

virgin 
GaAs  and 

Si 

7:5? 

Melting 

Temperature 

GaAs  and 

Si 

7:58 

Reflectivity 

function  of  hv 

GaAs  and 

Si 

fine  structure  from 
103  K  to  600  °K 

GaAs  and 

Si 

40 

amorphous 

Si 

30 i 648 

Specific  Heat 

at  300  °K 

GaAs  and 

Si 

7:58 

mm 

SI 

39:99 

Table  I  continued 


Thermal 

Conductivity 

as  a  function  of 
temperature 

GaAs  and 
Si 

41 

from  100  to  10 ^  °K 

GaAs 

39  x  9Q 

from  3  to  10  J  °K 

Si 

39 : 99 

at  the  melting  point 

Si 

42 « 447 
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APPENDIX  H 


beam  Prof!  le 

Due  to  nonhomogeneities  in  the  ruby  laser  beam,  a  diffuser 
and  light  ri  ^e  were  used  in  an  effort  to  make  the  beam  more 
homogeneous.  The  light  pine  was  also  used  in  an  effort  to  get 
the  energy  density  high  enough  for  annealing. 

The  oroblem  with  using  the  light  nine  was  that  due  to 
spectral  reflections  from  the  inside  of  the  pipe  the  beam  pro¬ 
file  was  dependant  upon  the  distance  from  the  end  of  the  pipe. 

From  burn  patterns  it  was  determined  that  the  beam  profile  was 
the  most  uniform  at  4  cm  behind  the  light  pipe. 

To  obtain  a  rough  idea  of  the  distribution  of  the  energy 
density,  the  energy  transmitted  through  a  1.4  mm  aperture 
placed  4  cm  behind  the  light  pipe. was  measured.  The  energy 
measured  was  then  multiplied  by  the  area  of  the  aperture  to 
obtain  an  average  for  the  energy  density.  Due  to  symmetry  in 
the  laser  beam,  the  energy  density  versus  distance  from  the  center 
of  the  beam  out  to  3  mm  is  shown  in  Figure  23.  At  each  location 
four  shots  were  taken  and  averaged  to  increase  the  reliability 
of  the  measurements . 

Due  to  the  size  of  the  aperture  the  bear,  profile  in 
Figure  23  is  not  completely  accurate.  Evidence  of  the  in¬ 
accuracy  is  that  when  Si  samples  were  annealed  a  crater  was 
formed  in  the  center  of  the  sample.  These  craters  suggest  that 
the  energy  density  in  the  center  is  much  higher  than  measured. 

The  size  of  the  hot  soot  is  probably  much  smaller  than  the  aperture i 
therefore,  it  would  not  be  detected  in  the  beam  profile  measurements. 
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